Abstract. The increased ability of TMX-202 (derivative of imiquimod) to penetrate the intact stratum corneum (SC) and the follicular orifices of porcine ear skin was shown ex vivo using confocal Raman microscopy and laser scanning microscopy. Moreover, to assess whether TMX-202 is able to reach the immune cells, Langerhans cells extracted from pretreated human skin were investigated ex vivo using confocal Raman microscopy combined with multivariate statistical methods. Tracking the Raman peak of dimethyl sulfoxide centered at 690 cm −1 , the absorption of TMX-202 containing formulation by Langerhans cells was shown. To answer the question whether the TMX-202 active ingredient is able to reach Langerhans cells, the attraction of immune cells to TMX-202 containing formulation treated skin was measured in the in vivo rodent model Mastomys coucha.
Toll receptor 7 (TLR7) has emerged as a particularly important and unique target for the development of drugs that modulate the innate immune system as it binds not only naturally occurring single stranded RNA but also synthetic low molecular weight ligands with classical drug-like properties, such as imiquimod (an imidazoquinoline) and purine-like molecules. 1, 2 Acting as an immune response modifier, imiquimod is widely used as a topical agent in dermatology for the treatment of various skin diseases, such as actinic keratosis and nonmelanoma skin cancer, [3] [4] [5] which in humans are known to be linked to UV exposure, immunosuppression, and papillomavirus infection. 6, 7 Imiquimod and its derivatives modulate innate immune responses by binding to TLR7 in dendritic and Langerhans cells, monocytes, and macrophages to induce the synthesis of IFN-α and proinflammatory Th1 cytokines. 8 Therefore, the topically applied immune response modifier must be able to overcome the cutaneous barrier in order to reach their targets and exert their function. Enhancers of penetration are important components of cosmetic and medical formulations, thus enabling active substances to enter easier through the cutaneous barrier. 9, 10 Passive penetration of imiquimod through the skin barrier is negligible; therefore, its combination with an enhancing carrier is an important step toward improved clinical efficacy. TMX-202 is a derivative of imiquimod with lesser systemic toxicity, prepared by conjugating to a C-12 phospholipid via a versatile benzoic acid functional group. 3 This modification should enhance the penetration of the formulation through the skin barrier facilitating its absorption by the living cells of the stratum granulosum and stratum spinosum, including Langerhans cells. Local application of TMX-202 activates the TLR7 receptor in the immune cells, leading to their attraction to the skin.
The different routes, i.e., directly through the stratum corneum (SC) and into the hair follicles, were shown to take a part in the penetration processes. 11 To test whether the TMX-202 is able to penetrate through the SC barrier and to reach the Langerhans cells, confocal Raman microscopic measurements were performed ex vivo on human skin samples pretreated with a TMX-202 containing formulation, and on Langerhans cells extracted therefrom. The skin samples were obtained from healthy patients undergoing abdominal reduction esthetic surgery. Additionally, the biologic effect of TMX-202, namely the attraction of immune cells, was shown in vivo in the rodent Mastomys coucha, a unique model for papilloma virus-induced skin carcinogenesis. 12 Since very low concentrations of TMX-202 containing formulation were expected to penetrate through the SC barrier and reach the Langerhans cells, the measuring technique, the excitation conditions as well as analysis procedure had to be optimized for detection of trace concentrations of TMX-202 containing formulation.
The aim of the present study was to prove whether the TMX-202 topically applied on the skin is able to reach and influence Langerhans cells, finally exerting an immune modulatory effect.
Materials and Method

Investigated Substance
A TMX-202 containing foam formulation was used in the present study for topical application. The active ingredient TMX-202 (2-(4-{[6-Amino-2-(2-methoxyethoxy)-8-oxo-7H-purin-9(8H)-yl]methyl}benzamido)ethyl2,3-Bis (dodecanoyloxy) propyl phosphate) was provided by Telormedix S.A. (Bioggio, Switzerland) which subcontracted the synthesis to Corden Pharma Switzerland LCC (Liestal, Switzerland). The most concentrated ingredients of the utilized foam formulation were dimethyl sulfoxide (45%), oleic acid (25%), polyethylene glycol 200 (16%), and the active ingredient TMX-202 (5%). The utilized foam formulation was developed and manufactured by Foamix Pharmaceuticals Ltd., Rehovot, Israel.
Skin Samples
The study was performed on both human and animal skin samples. The human skin was obtained immediately after esthetic abdominal reduction surgery of healthy patients at the Charité-Universitätsmedizin hospital. Subsequently, the excised human skin was pretreated with TMX-202 containing formulation for 1 h. Subsequently, the Langerhans cells were extracted.
Porcine ear skin samples were obtained from a local abattoir in Berlin. The ears were gently cleaned with cold flowing tap water and dried with soft tissue. Hairs were removed without damaging the SC. Thereafter, the porcine ear skin samples were pretreated with TMX-202 containing formulation for 1 h. Porcine skin was chosen for the measurements due to its similarity with human skin and appropriateness for ex vivo measurements. 13, 14 Mastomys coucha from the DKFZ breeding colony were maintained under conventional conditions described elsewhere. 12 The animals were treated fewer than 3% Isoflurane anesthesia to allow penetration of the compound and to minimize suffering of the animal. The animals were shaved at the back (2 × 2 cm) and treated twice per week with a foam containing 5% TMX-202 or a placebo foam (n ¼ 5). After 12 weeks, the animals were sacrificed and skin biopsies were taken for histological analysis.
Skin sample areas without any scars and visible defects were chosen for topical application of the TMX-202 containing formulation.
Langerhans Cells Extraction
The human skin was obtained after abdominal reduction esthetic surgery of healthy patients immediately after surgery. The Langerhans cells were extracted from the epidermis of six patients following the procedure described elsewhere. 15, 16 The extracted Langerhans cells were diluted in paraformaldehyde (PFA) and stored at þ4°C.
Confocal Raman Microscopy
Two different commercially available CRM-"Horiba" (model Labram HR800 Evo, France, excitation wavelengths: 325, 473, and 633 nm) and "River Diagnostics" (model 3510 SCA, Rotterdam, Netherlands, excitation wavelength 785 nm) were used for the determination of TMX-202 containing formulation in the Langerhans cells. Only the fingerprint spectral range (400 to 1800 cm −1 ) was excited and analyzed. The utilized CRMs were described elsewhere. 17, 18 Every Langerhans cell was measured in nine different points in the depth ranging from 0 (surface) to max. 3 μm inside the cell. Every Raman spectrum was smoothed with a SavitzkyGolay filter (polynomial order of two and frame size of three) and a baseline correction was employed to subtract the fluorescence background if needed.
Determination of the Penetration Depth into the Skin Using Confocal Raman Microscopes
The penetration depth of the TMX-202 containing formulation into the porcine ear skin was investigated ex vivo using the "Skin Tools" software provided by the company "River Diagnostics." 19 The measurements were performed in the fingerprint range using "River Diagnostics" CRM under the excitation of 785 nm (maximum 20 mW on the skin sample). The utilized doses of reference light were not sufficient to influence the skin components. 20 
Confocal Laser Scanning Microscopy
A commercially available confocal laser scanning microscope (VivaScope ® 1500 Multilaser, Mavig, Germany), which combines reflectance and fluorescent confocal laser scanning microscopy, was used for investigating the histological sections for follicular penetration. The excitation wavelength was 488 nm. A more detailed description of the utilized confocal laser scanning microscope has been published elsewhere. 13 
Multivariate Statistical Analysis
To determine a spectral difference between two groups of Langerhans cells (either treated or not treated with TMX-202 containing formulation) at high sensitivity, multivariate statistical methods such as principal component analysis (PCA) combined with linear discriminant analysis (LDA) were employed. Combination of these statistical methods is widely used in medical practice. [21] [22] [23] [24] [25] PCA is a statistical method that reduces high-dimensional data into lower-dimensional data called principal components (PC). The reconstruction of a Raman spectrum using the first two PCs provides the most relevant spectral information (differences) and disregards less useful information (similarities) from the consideration, thus substantially reducing the noise. 26, 27 The first two PCs are plotted in a two-dimensional (2-D) space in the required spectral range for the TMX-202 treated and untreated Langerhans cells in order to find differences (formulation is present) or similarities (formulation is not present). In order to determine the differences from the reconstructed spectra at high sensitivity, the PCA method is complemented by the LDA method. [28] [29] [30] LDA is considered as a group classification as it maximizes the differences between group variances. 31, 32 and reduces the dimension of the data to one dimension. The criterion of the presence of the formulation in the Langerhans cells served the statistically significant differences between the mean values of the two groups, which were calculated using Student's t-test (p < 0.05), as previously presented. 33 
Histological Analysis
Skin biopsies were fixed in 4% formaldehyde for 24 h at room temperature, and embedded in paraffin. Five-micrometer sections were stained with hematoxylin/eosin for histological analysis. Immune cells were counted in three different skin areas.
Ethics Statement
Mastomys coucha at the DKFZ are maintained in compliance with German and European statutes and all animal experiments were approved by local government authorities (Regional Council of Karlsruhe, Germany; G38/13).
Ethical approval for the investigations on excised human skin has been obtained by the local ethics committee of the Charité-Universitätsmedizin Berlin.
Results and Discussion
Penetration of the TMX-202 Containing Formulation Through the Skin
The results of the CRM measurements demonstrated that the TMX-202 containing formulation does not penetrate efficiently through the SC. About 90% was found up to a penetration depth of ∼15 μm. At least 10% was detectable until a penetration depth of 30 μm (Fig. 1), i.e., in the living epidermis. When analyzing the study results, one should consider the differences between porcine and human skin. According to the literature, the thickness of the human SC is usually between 17 and 28 μm; 14 however, our experiments were carried out with ears of freshly slaughtered pigs; the thickness of the SC of porcine ear skin was measured between 17 and 20 μm 34 by measuring the water profile. 35 The absorption of TMX-202 is very challenging due to its high molecular weight of almost 1000 Dalton. Such molecules usually do not penetrate the skin at all. The fact that high amounts could be detected even in the lower layers of the SC is encouraging. A penetration into the deeper layers of the SC is possible, although the penetration time may exceed 24 h.
Penetration of TMX-202 Containing Formulation into the Hair Follicles
Typical results of the penetration of the formulation into the hair follicles are visible in the histological sections. Figure 2 shows a histological section superimposing the fluorescence and reflectance image of the same section measured using laser scanning microscopy. The structure of the hair follicles can be well recognized. The red signal shows the penetration of the TMX-202 containing formulation labeled with sodium fluorescein into the hair follicle. In Fig. 3 , the penetration depths into the hair follicles of six different porcine ears are depicted. At least 10 hair follicles were analyzed for every porcine ear. The mean penetration depth calculated for all six porcine ears was found to be 349 AE 88 μm.
Thus, the TMX-202 would be expected to reach the Langerhans cells of the epidermis. In order to study whether this is the case, investigations have to be carried out on human skin. Unfortunately, the follicular penetration is reduced by 90% ex vivo compared with the in vivo studies. 36 After surgical excision of the skin, the skin samples contract, partly obstructing the hair follicles. Even, when the skin samples are stretched to their original size, the hair follicles remain partly obstructed. Consequently, if the substance is detectable in Langerhans cells under these ex vivo conditions, the same would be expected to occur in vivo, as the penetration rate under real conditions would be much higher because the hair follicles do not contract in vivo. 
Raman Spectroscopy of Langerhans Cells
Based on the results presented in Secs. 3.1 and 3.2, the TMX-202 active ingredient can potentially reach the target immune cells, i.e., the Langerhans cells of the epidermis. In order to prove this anticipation, CRM measurements were performed on Langerhans cells extracted from human skin samples treated with TMX-202 containing formulation. During the measurements on the extracted cells, three different types of Raman spectra were observed. Figure 4 shows three examples of Raman spectra measured on the extracted cells of one skin sample. The Raman spectra are different and probably originated from different types of cells. The first Raman spectrum (most rarely observed) represents the typical Raman spectrum of keratinocytes or corneocytes [ Fig. 4(a) ], which is in accordance with already published data. 19, 37 The second Raman spectrum (most frequently observed) has no similarities with keratinocyte or corneocyte Raman spectra [ Fig. 4(b) ]. The third Raman spectrum shows the superposition of the above-mentioned two spectra [ Fig. 4(c) ]. The spectra were interpreted as follows: the most frequently observed Raman spectra [ Fig. 4(b) ] belongs to the Langerhans cells, whereas the rarely observed Raman spectra [Figs. 4(a) and 4(c)] belong to keratinocytes or corneocytes and to a Langerhans cell together with corneocytes or keratinocytes, respectively.
The Raman spectrum shown in Fig. 4(b) was determined to be specific for Langerhans cells for the following reasons: (1) the structure of Langerhans cells is characterized by the presence of cytoplasm, nucleus, and organelles called Birbeck granules, and by the absence of desmosomes and tonofilaments. 38, 39 The desmosomes are responsible for providing a junction between the tonofilaments made mainly by keratin. For this reason the strong Raman peak of keratin, which lies between 1600 and 1700 cm −1 , should not be observed in Langerhans cells. (2) The Raman peak centered at 935 cm −1 , which represents CC stretching mode of proline, valine, and α-helix conformation of protein backbone, 40 is probably related to the proline-rich protein Langerin, which implicated a Birbeck granule biogenesis in human epidermal Langerhans cells. 41 (3) After the extraction procedure, the Langerhans cells are dominant in solution, but a low concentration of keratinocytes and probably of corneocytes is also present. 15 This strongly correlates with the frequency of spectra appearance [Raman spectrum shown in Fig. 4(b) is most frequently observed in comparison to spectra shown in Figs. 4(a) and 4(c)].
As it is impossible to separate Langerhans cells from corneocytes and keratinocytes visually, the cells were screened for the presence of the specific Raman peak at 935 cm −1 before the CRM measurement.
Optimization of Excitation Conditions for Confocal Raman Microscopes
The intensity of Raman signal measured from the dry Langerhans cells (when PFA was evaporated within a few minutes when stored on the glass plate at room conditions) was found to be substantially higher than that measured from the Langerhans cells in PFA solvent. For this reason all measurements were performed on dry samples. Using two CRM devices operated under the excitation wavelengths of 325, 473, 633, and 785 nm, the optimal excitation conditions were found for determining the TMX-202 containing formulation in Langerhans cells using 473-nm excitation wavelength. The blue excitation wavelength at 473-nm gave the highest Raman sensitivity of the TMX-202 containing formulation. Excitation of Langerhans cells also shows that this wavelength can be efficiently used. On the other hand, the Raman spectrum of PFA solvent is "silent" under excitation at 473 nm showing the absence of Raman and fluorescence signals. Taking all these results into consideration, the blue excitation wavelength at 473 nm was chosen to be optimal for detection of TMX-202 containing formulation in Langerhans cells. The corresponding spectra are shown in Fig. 5(a) . Moreover, irradiation of Langerhans cells at maximum blue-light power (25 mW on the sample) gave rise to structural changes in the cells detected by the increase of fluorescence background measured post irradiation, which were similar to the spectra measured after irradiation with UV light at 325 nm (3 mW on the sample). Observed changes are very probably induced by blue-light-and UV-induced free radicals generated in the cells. 42, 43 Therefore, to exclude this effect, the CRM blue-light power was reduced by 50% to 12.5 mW on the sample.
Determination of TMX-202 Active Ingredient
Using Confocal Raman Microscopes Figure 5 (b) shows Raman spectra obtained under optimal excitation conditions described in Sec. 3.4 for TMX-202 containing and placebo formulations. As can be seen, only a small difference in Raman spectra can be measured at 1626 cm −1 corresponding to N-H vibration, which serves as a characteristic of the TMX-202 active ingredient. The intensity of this peak is very small making impossible the direct detection of TMX-202 active ingredient in the Langerhans cells using CRM. The intensity of the highest peak centered at 690 cm −1 , which corresponds to C-S vibration of the dimethyl sulfoxide, is ∼10 Fig. 6(b) ]. As can be seen from Fig. 6(b) , the values inside the overlapped area could not be distinguished. To maximize the differentiation between two groups of data, the complementary statistical method LDA was employed [ Fig. 6(c) ]. After PCALDA application, the numerical data of two groups could be compared using Student's t-test as shown in Fig. 6(c) . In order to distinguish the differences between two groups, i.e., to find out whether or not the TMX-202 containing formulation is detectable in Langerhans cells, the p < 0.05 criteria was chosen. The results are summarized in Table 1 where the groups of data are compared to each other using statistical analyses described earlier. The results show that in most cases (92%), the TMX-202 containing formulation was measured in the Langerhans cells. It is expected that due to the homogeneous distribution in the foam solvent, the TMX-202 active ingredient will also reach the Langerhans cells.
Biological Activity in an Animal Model
In order to prove whether the TMX-202 active ingredient has reached the Langerhans cells, the histological sections were analyzed. The in vivo effect of the TMX-202 active ingredient was proven in the rodent Mastomys coucha, which represents an excellent animal model of papillomavirus-associated skin disease, thus mimicking the human situation. 7, 12 In the histological analysis of skin treated for 12 weeks, a significantly higher amount of infiltrated immune cells is visible in the epithelia of skin samples treated with TMX-202 containing formulation compared with untreated or placebo treated skin (Fig. 7) . Therefore, we could show that the TMX-202 active ingredient is reaching its intended targets in vivo and modulating the skin immune response to further attract immune cells. Furthermore, from the in vivo results it becomes clear that this effect is exerted by the TMX-202 active ingredient and not the excipients, as the placebo treated skin does not show any difference with respect to the untreated skin.
Conclusions
The present study shows that the intercellular, transcellular, and follicular pathways are responsible for penetration of TMX-202 containing formulation through the barrier of SC. Reaching living cells of the epidermis, the TMX-202 containing formulation is absorbed in particular by Langerhans cells, measured on human skin samples using CRM combined with multivariate statistical analysis. This method provides information only about the absorption of the formulation containing TMX-202, but not about the absorption of TMX-202 active ingredient by the Langerhans cells. To answer the question whether the TMX-202 active ingredient is able to reach Langerhans cells and exert its biological function, a histological analysis was performed in the skin of the in vivo rodent model Mastomys coucha. The result revealed a significantly higher amount of immune cells infiltrated into the epithelia of TMX-202 containing formulation treated skin samples in comparison to placebo treated and untreated skin samples, which demonstrated TMX-202 active ingredient reached the target and induced a strong and local immune activation. Thus, taking into consideration the limited penetration ability of imiquimod through the skin barrier, the topical application of TMX-202-a derivative of imiquimod containing a penetration enhancer in the form of a phospholipid-is expected to facilitate targeting to cutaneous immune cells.
